Abstract. This paper addresses the testing of thin plate splines (TPS) interpolation method for the left ventricle (LV) 3D-reconstruction based on a limited number of ultrasonic sections obtained during echocardiography to apply the global and regional cardiac structure and function. With the use of TPS technique, the LV inner and outer surfaces were reconstructed based on three short-axes and one long-axes sections of the LV standard transthoracic imaging. The LV 3D-reconstruction by means of the heart transesophageal examination was chosen as a reference point. To evaluate the accuracy of LV 3D-reconstruction on TPS approach, the mean relative error (δR) of LV surfaces interpolation and the relative change of cardiac wall thickness (dH/H) during the end (passive) phase of LV diastolic filling as a measure of the myocardium diastolic stiffness were calculated. According to ~8% value of δR and qualitative distribution of dH/H in LV wall regions, we concluded that the proposed method of LV 3D-reconstruction shows a sufficient accuracy for practical use and future development.
Introduction
To assess both the global and the regional cardiac function and structure correctly, 3D-reconstruction of the left ventricle (LV) inner and outer surfaces are extremely useful. There are ultrasonic devices (e.g., Philips™ iE33), directly forming 3D image of the heart chambers. Meanwhile, such equipment is still quite expensive and not widespread. Another limitation of mentioned apparatus for wide practical use is that the 3D description of LV surface is implemented in the proprietary developer's format, and it not available for use in third party studies. Thus, the methods of 3D imaging of LV based on the conventional 2D scanning are in the focus of clinical and theoretical cardiology.
To perform 3D-reconstruction and imaging of the left ventricle by separate 2D sections, the mutual spatial arrangement of sections and their time synchronization by ECG are necessary. Previously, we have developed the method of 3D-reconstruction and imaging of LV surface using data of the transesophageal echocardiography [1] . The advantages of this approach for the global and regional cardiac structure and function assessment were presented in our earlier publications [2, 3] .
The feature of the transesophageal ultrasonic probe is the ability for precisely control of the scan plane orientation. This option is inaccessible issue for the most common method of transthoracic heart examination with the use an external location of ultrasound transducer. In that case, when the number of ultrasonic sections is limited, the development of algorithms for LV 3D reconstruction is nontrivial task.
In this work, we tried to apply well known interpolation method [4] called "thin plate splines (TPS)" to perform the LV 3D-reconstruction based on three short-axes and one long-axes sections of the LV standard transthoracic imaging. As the TPS algorithm is widely using for the interpolation of elastic surfaces deformed by external forces [5, 6, 7] , we assumed that it may works for the LV 3D-reconstruction at the end-diastole of cardiac cycle.
The aim of this research is to test the accuracy of TPS interpolation method for the LV 3D-reconstruction to apply the global and regional cardiac structure and function.
Methods

Initial Sections Acquisition
Image sequences obtained by ultrasound examination of the heart using a transducer with a sector scanning and outer (transthoracic) access were used as the input data. For 2-3 cardio cycles, data are recorded for four sections: one section along the long axis of the heart (the standard four-chamber view) and three cross sections -along the short. The first section is made along the short axis at level of the mitral valve, the second -on the level of papillary muscles, and third -near the apex of the heart. In each frame of each of the four sections the inner and outer surface boundaries LV are traced. To trace LV boundaries, we used semi-automated method developed by us on the basis of speckle tracing techniques [8, 9] . 
Thin Plate Splines Method
To reconstruct the sections in the intervals between the initial sections, the thin plate splines algorithm is used. TPS are an interpolation and smoothing technique, the generalization of splines so that they may be used with two or more dimensions [4, 5, 6] . The TPS arises from consideration of the integral of the square of the second derivative -this forms its smoothness measure. In the case where x is two dimensional (x 1 and x 2 ), for interpolation, the TPS fits a mapping function f(x) between corresponding point-sets {y i } and {x i } that minimizes the following bending energy function [7] :
where {y i } and {x i } are the points of intersection of long-axis contour with three short-axis's contours (x and y are points on initial and interpolated contours correspondently).
Having solved the Eq. 1 (as it is described in [4] ), a mapping function f, which transforms points from initial contour to the points at the new (interpolated) one, is obtained.
After TPS interpolation, new contour is added to the 3D model of the LV with consideration of its spatial orientation (Fig. 2) . So, by use the TPS method it can fill all "holes" between initial LV sections with required accuracy. Then earlier developed method for interpolation of the inner LV surface with spherical functions [1] is used. After that, we have the 3D model of the LV. Using this 3D model it can evaluate global and regional functions of the LV [1, 2] .
Results
An example of the implementation of the proposed technique of 3D reconstruction of the LV surface is shown in Fig. 3 . The accuracy of the proposed method of the LV 3D visualization was evaluated. As data for testing it were used earlier acquired image sequences obtained during echocardiography with transesophagial probe [1] . We recorded ultrasound LV image at 12 orientations of the plane of ultrasound scanning (with angular interval between planes of 15 degrees). Then the LV inner surface 3D reconstruction was implemented by use spherical functions approximation [1] . So, after these procedures we have an analytical definition of the LV surface in a form of
where R, θ, φ are coordinates of a spherical coordinate system; A and B are expansion coefficients of spherical functions (they are determined by well-known methodic for the given set of data).
After that, by use obtained 3D LV reconstruction (Eq. 2), it was simulated acquiring of "traditional" (transthoracic) ultrasound sections like it is shown in Fig. 1A and performed proposed algorithm. Then we have compared initial 3D LV surface definition in the form of Eq. 2 and the new one, obtained with TPS interpolating technique. The comparison was implemented in the form:
(3) where R is radial coordinate of the initial LV surface calculated according to Eq. 2; R* is radius of the LV 3D surface obtained by proposed method at the same values of spherical coordinates θ and φ.
We tested our method with image sequences obtained during transesophagial echocardiography of patients with ischemic heart disease and have obtained the mean relative error δR approximately 8%. However, the obtained value of relative error δR does not always adequately characterize the accuracy of the interpolation in terms of assessment of heart wall regional properties. So, it have been evaluated regional myocardium stiffness by use initial 3D definition of the LV surfaces (both inner and outer) and LV 3D reconstruction performed by proposed method. Regional myocardium stiffness was evaluated by calculation of the relative heart wall thickness changes (dH/H) during the end (passive) phase of LV diastolic filling [1] . Figure 4 shows two dimensional (in the θ and φ spherical coordinates) maps of evaluated myocardium stiffness in term of dH/H for initial 3D LV surface presentation (Fig. 4A ) and for 3D reconstruction performed by proposed method (Fig. 4B ). These data were obtained for patient with ischemic heart disease. The darker region the higher the stiffness of myocardium at correspondent location. We can see that the differences between these maps are not significant. Also we used proposed method for investigation of influence of false tendons in the left ventricle on global and regional hemodynamics [10, 11] . Using the 3D model of the LV allowed us to evaluate correctly how false tendons impact on the LV mechanics and pump function.
Conclusion
Thus, we have developed a method which enables to build 3D model of the LV by use a limited number of ultrasonic sections (one LV long-axis section and three cross-sections along the LV short-axis recorded in the course of several cardiac cycles). The algorithm use the thin plate splines and takes into account elastic properties of the myocardium for interpolation of the intermediate LV sections which are needed for the consequent LV surface 3D approximation.
The testing of the proposed method has shown its suitability sufficient for assessment of the several regional properties of the LV wall. However, the accuracy and stability of the methodic need for further study with the data of echography examination of patients with different kinds of heart pathologies.
